The genes involved in isoprene (2-methyl-1,3-butadiene) utilization in Rhodococcus sp. strain AD45 were cloned and characterized. Sequence analysis of an 8.5-kb DNA fragment showed the presence of 10 genes of which 2 encoded enzymes which were previously found to be involved in isoprene degradation: a glutathione S-transferase with activity towards 1,2-epoxy-2-methyl-3-butene (isoI) and a 1-hydroxy-2-glutathionyl-2-methyl-3-butene dehydrogenase (isoH). Furthermore, a gene encoding a second glutathione S-transferase was identified (isoJ). The isoJ gene was overexpressed in Escherichia coli and was found to have activity with 1-chloro-2,4-dinitrobenzene and 3,4-dichloro-1-nitrobenzene but not with 1,2-epoxy-2-methyl-3-butene. Downstream of isoJ, six genes (isoABCDEF) were found; these genes encoded a putative alkene monooxygenase that showed high similarity to components of the alkene monooxygenase from Xanthobacter sp. strain Py2 and other multicomponent monooxygenases. The deduced amino acid sequence encoded by an additional gene (isoG) showed significant similarity with that of ␣-methylacyl-coenzyme A racemase. The results are in agreement with a catabolic route for isoprene involving epoxidation by a monooxygenase, conjugation to glutathione, and oxidation of the hydroxyl group to a carboxylate. Metabolism may proceed by fatty acid oxidation after removal of glutathione by a still-unknown mechanism.
2-Methyl-1,3-butadiene (isoprene) is a volatile compound that is emitted in large quantities from plants, especially under thermal stress conditions. The annual global emission from plants is estimated to be 500 million tons, which is similar to the global emission of methane (35) . In addition, isoprene emission from several bacteria has been detected (50) . Isoprene plays an important role in atmospheric chemistry since it is involved in the generation of ozone and carbon monoxide (42) . Despite this, little work on the microbial degradation of isoprene has been done. Cleveland and Yavitt (8) showed that microorganisms consume isoprene even when it is present at trace level concentrations and that soil microorganisms may provide a significant biological sink for atmospheric isoprene. Information about the physiology of isoprene degradation is scarce, however. van Ginkel et al. (44) have shown that degradation in a Nocardia sp. starts with a monooxygenase which oxidizes isoprene to 1,2-epoxy-2-methyl-3-butene and 1,2-3,4-diepoxybutane. Ewers and Knackmuss (13) reported the presence of a glutathione-dependent activity towards 1,2-epoxy-2-methyl-3-butene in cell extracts of an isoprene-utilizing Rhodococcus sp., but the enzyme catalyzing this reaction and the products formed were not further characterized. Moreover, no work on the genetics of isoprene metabolism has been published.
In our laboratory, Rhodococcus sp. strain AD45 was isolated for its capability to use isoprene as the sole source of carbon and energy. The pathway of isoprene degradation in strain AD45 starts with oxidation by a monooxygenase to yield 1,2-epoxy-2-methyl-3-butene (45) . A glutathione S-transferase catalyzes the nucleophilic attack of glutathione at the sterically most-hindered carbon atom. The reaction product, 1-hydroxy-2-glutathionyl-2-methyl-3-butene (HGMB), is then oxidized in two consecutive steps to 2-glutathionyl-2-methyl-3-butenoic acid (GMBA) by a NAD ϩ -dependent dehydrogenase that is highly specific for HGMB. The glutathione S-transferase and the dehydrogenase have been purified to homogeneity and characterized (46) . Strain AD45 is also capable of oxidizing chlorinated ethenes to the corresponding chlorinated epoxyethanes (45) . These epoxides and their decomposition products cause the toxicity that is associated with the oxidative cometabolic degradation of chlorinated ethenes in other organisms (47) . Since this toxicity is the main limiting factor for the application of monooxygenase-expressing organisms for dichloroethene removal, it is desirable to obtain insight in the pathways that lead to biological detoxification of these reactive transformation products. The glutathione S-transferase of strain AD45 converts cis-1,2-dichloroepoxyethane without the formation of toxic chlorinated reaction products and thus may effectively detoxify chlorinated ethene epoxides (45) .
Currently, no information on the genetics of isoprene metabolism is available, and the metabolic pathway is still not completely known. In the present study we report the complete nucleotide sequence and polypeptide analysis of an 8,456-bp region encoding the putative isoprene monooxygenase, the glutathione S-transferase with activity towards epoxides, a second glutathione S-transferase, the HGMB-specific dehydrogenase, and a putative racemase. Furthermore, we have overexpressed both glutathione S-transferases, and data on their activities with 1,2-epoxy-2-methyl-3-butene, 1,2-dichloro-4-nitrobenzene (DCNB), and 1-chloro-2,4-dinitrobenzene (CDNB) are reported. The implications for the catabolic pathway of isoprene will be discussed.
MATERIALS AND METHODS
Bacterial strains and media. Rhodococcus sp. strain AD45 was grown on isoprene in batch culture or continuous culture using a mineral medium supplemented with 20 mg of yeast extract liter Ϫ1 as described before (45) or maintained at 30°C on 0.8% nutrient broth agar plates. For the isolation of genomic DNA, the organism was cultivated in 0.8% nutrient broth medium. Escherichia coli strains HB101, JM101, and TOP10FЈ (Invitrogen, Carlsbad, Calif.), which were used for cloning purposes, were grown at 37°C in Luria-Bertani medium. For plasmid selection the appropriate antibiotic was added at the following concentrations: 50 g ml Ϫ1 for kanamycin, 50 g ml Ϫ1 for ampicillin, and 12.5 g ml
Ϫ1
for tetracycline. E. coli BL21(DE3) grown at 17°C was used for high-level expression of both glutathione S-transferases of strain AD45. DNA preparation and manipulation. Genomic DNA of strain AD45 was isolated from an exponentially growing nutrient broth culture (100 ml) as described before (45) .
Small-scale preparation of plasmid DNA (Ͻ10 kb) from 1.5-ml cultures of E. coli was performed using the High Pure plasmid isolation kit (Boehringer, Mannheim, Germany) according to the recommendations of the manufacturer. Smallscale isolation of DNA of large plasmids (Ͼ10 kb) was performed using the alkaline lysis method (31) with two modifications. The lysozyme step was omitted, and ethanol instead of isopropanol was used for DNA precipitation.
Large-scale preparation of plasmid DNA from 100-ml cultures of E. coli was performed using the Plasmid Midi kit (Qiagen, Hilden, Germany) according to the recommendations of the manufacturer. DNA of pLAFR3 used for the construction of the gene library was isolated by the alkaline lysis method and purified by ultracentrifugation using a CsCl gradient as described by Sambrook et al. (31) .
PCR products were purified using a Qiaquick PCR purification kit (Qiagen). DNA restriction, ligations, and dephosphorylations were performed according to protocols described by Sambrook et al. (31) .
CNBr cleavage and N-terminal sequencing. Two milligrams of purified glutathione S-transferase (46) was digested with CNBr as described before (19) . Peptides were separated by reversed-phase high-pressure liquid chromatography (19) , and the N-terminal amino acid sequence of one of the peptides was determined as described before (46) . The following sequence was obtained: RVGLDAFRARILDGFNGQG(HoSer). The carboxy-terminal residue was tentatively identified as a homoserine (HoSer), which is the expected product of methionine after CNBr cleavage.
PCR amplification and overexpression of the isoI and isoJ genes. Degenerate primers for amplification of fragments of the glutathione S-transferase gene were designed on the basis of peptide sequences of the purified glutathione S-transferase (46) . Forward primer PGT1, 5Ј-AAACCATGGT(T/A/C)ACZGTZTAX-CGZTAXGTZCCZGCZTGG-3Ј (X ϭ C or T; Y ϭ G or A; Z ϭ G, A, C, or T), was based on the N-terminal amino acid sequence of the protein (MITVYGYV-PAWGIPDISPYVTKVXNYXTFTGI). Reverse primer PGT3, 5Ј-AAACCAT-GGCATZCCXTGZCCYTTYAAZCCYTCZAG(A/G/T)AT-3Ј, was based on the N-terminal amino acid sequence of a peptide isolated after CNBr cleavage (see above). For overexpression of the isoI and isoJ genes the plasmids pGEFIsoI and pGEFIsoJ were constructed. In these plasmids the isoI and isoJ genes were cloned in the NcoI site behind the T7 promoter in the expression vector pGEFϩ (32) . The isoI gene was amplified with forward primer PFI, 5Ј-AACATACCAT GGTCACCGTTTA-3Ј, and reverse primer PRI, 5Ј-ATGCTCCAAGATCCAT GGTTTCGGACT-3Ј (NcoI sites are underlined; the start codon is in boldface; substituted nucleotides are in italics). The isoJ gene was amplified with forward primer PFJ, 5Ј-ATCGTTCCATGGTTGACTTCTA-3Ј, and reverse primer PRJ, 5Ј-AAGAATCGGCCATGGCGCTCACTTTTGACA-3Ј. The isoABCDEF operon was amplified with forward primer PFM2, 5Ј-TGCTATTGAACAGGG ACGATTGGTACGACA-3Ј, and reverse primer PRM2, 5Ј-GATGGGTCCTT CCGGGATTCGGGGGTAGTTC-3Ј. The genes were cloned behind the araBAD promoter in the expression vector pBAD-TOPO (Invitrogen), and protein expression was induced according to the recommendations of the manufacturer.
PCR amplification was performed as described by Innis and Gelfand (18) . Each 50-l reaction mixture contained 5 l of 10ϫ DNA polymerase buffer, 50 M deoxynucleoside triphosphates, 1 to 2 U of GoldStar DNA polymerase (Eurogentec, Seraing, Belgium) or Pwo DNA polymerase (Boehringer Mannheim B.V., Almere, The Netherlands), 20 pmol of each primer (synthesized by Eurosequence BV, Groningen, The Netherlands), and 10 to 100 ng of template DNA. Amplification of the ISO1 fragment with PGT1 and PGT3 primers was performed by denaturation at 94°C for 5 min followed by "touchdown" PCR that consisted of 14 cycles of denaturation at 94°C for 1 min, hybridization starting at 60°C for 1 min (2°C decrease every second cycle to a touchdown at 48°C), and elongation at 72°C for 1 min (11). Amplification was completed by 25 additional cycles during which the hybridization temperature was 48°C. Amplification of the complete isoI and isoJ genes was performed by 30 cycles of denaturation at 94°C for 1 min, hybridization at 55°C for 1 min, and elongation at 72°C for 1 min.
A partial purification of IsoJ from E. coli BL21(DE3) was carried out by anion exchange chromatography as described by van Hylckama Vlieg et al. (46) .
Preparation of the gene library. Sixty micrograms of genomic DNA of strain AD45 was partially digested with Sau3A to yield an average fragment size of approximately 23 kb. The digest was dephosphorylated and ligated into the BamHI site of the pLAFR3 cosmid cloning vector (39) . The ligation mixture was packaged with the DNA packaging kit (Boehringer, Mannheim, Germany) and transduced to E. coli HB101 according to the recommendations of the manufacturer.
Colonies of the gene library were tested for monooxygenase activity by the indole assay as described by O'Connor et al. (27) or by spraying colonies with 10 mM indole in diethylether. As a control, isoprene-grown colonies of Rhodococcus sp. strain AD45 were used.
DNA-DNA hybridization experiments. For Southern blotting experiments, DNA was digested with the appropriate restriction enzyme and separated by agarose gel electrophoresis. The gel was incubated in 0.25 M HCl to nick the DNA before it was transferred to a nylon membrane (Boehringer) by the capillary flow method (31) . The DNA was fixed to the membrane by illumination with UV radiation for 3 min.
For colony blotting, colonies grown overnight were transferred to a nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany). After the membrane was dried in air, it was incubated for 5 min in four consecutive steps on Whatman no. 1 filters that were saturated with 10% sodium dodecyl sulfate (SDS), 0.5 N NaOH with 1.5 M NaCl, 1 M Tris-HCl with 1.5 M NaCl (pH 7.5), or 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The DNA was fixed to the membrane by incubation at 80°C for 30 min.
DNA probes were prepared by incorporation of digoxigenin-dUTP with the DIG DNA-labeling kit (Boehringer). The membrane carrying the DNA was prehybridized by incubation at 68°C for 1 h with 5ϫ SSC containing 0.1% N-lauroylsarcosine, 0.02% SDS, and 1% blocking agent (Boehringer). Hybridization was performed by overnight incubation at 68°C in this buffer to which 20 ng of denatured probe ml Ϫ1 was added, and subsequently the membrane was washed twice in 0.1ϫ SSC containing 0.1% SDS at 68°C. Detection of the hybridized probe was done with anti-digoxigenin-alkaline phosphatase Fab fragments (Boehringer) following the manufacturer's recommendations.
DNA sequencing and analysis. Cycle sequencing (26) was performed on double-stranded DNA using the Thermo Sequenase cycle sequencing kit (Amersham BV, Roosendaal, The Netherlands) with 7-deaza-dGTP and 5ЈCy5 fluorescent primers. Sequence reactions were run on the ALF-Express automatic sequencing machine (Pharmacia, Uppsala, Sweden) at the BioMedical Technology Centre (Academic Hospital, Groningen, The Netherlands).
The BLAST program (3) was used to search DDBJ, EMBL, and GenBank databases for proteins that had sequence similarity. Multiple sequence alignments were made with ClustalW, version 1.7 (43) using a gap penalty of 6 and a gap opening penalty of 20. Other parameters were default, and, if necessary, minor adjustments were made manually. Pairwise similarities were calculated with the ALIGN program, which uses the BLOSSUM 50 matrix (17) .
Enzyme assays. Glutathione S-transferase activity with epoxides was determined with online gas chromatographic monitoring of substrate depletion as described previously (46) . Enantiomers of 1,2-epoxy-2-methyl-3-butene were separated with chiral gas chromatography as described by Wistuba et al. (51) . Separation of enantiomers of other chiral compounds was carried out as described before (22) . Activities towards DCNB and CDNB were assayed at 30°C in a 50 mM Tris-HCl buffer containing 1 mM substrate (16) . Activities were determined at pH 7.0 or 8.5 with CDNB and at pH 7.0 with DCNB since non-enzyme-catalyzed reaction rates were too high for an accurate assay of specific activities at pH 8.0. Substrate was added from a 20 mM stock solution in ethanol. The formation of glutathione conjugates was assayed by monitoring the increase of the absorbancy at 340 nm in the presence of 2 mM glutathione for DCNB or at 345 nm in the presence of 10 mM glutathione for CDNB. Activities were calculated using extinction coefficients of 8.5 and 9.6 mM Ϫ1 cm Ϫ1 for DCNB and CDNB conjugates, respectively (16) . Activities were corrected for nonenzymatic reaction rates and for background glutathione S-transferase activity of E. coli using extracts of E. coli BL21(DE3)pGEFϩ.
Nucleotide sequence accession number. The nucleotide sequence described in this article was deposited at the EMBL, DDBJ, and GenBank databases under accession no. AJ249207.
RESULTS AND DISCUSSION
Cloning of the genes involved in isoprene metabolism. In order to clone a fragment of the glutathione S-transferase of Rhodococcus sp. strain AD45 (46) the degenerate primers PGT1 and PGT3 were designed on the basis of the N terminus and an internal peptide obtained after CNBr digestion. With these primers a 471-bp fragment, designated ISO1, was amplified from genomic DNA of strain AD45. The PCR product was cloned and sequenced, and comparison of the deduced peptide sequence with the N-terminal sequence of the protein and with the sequence of the isolated peptide confirmed that the PCR product represented part of the gene encoding IsoI.
A gene library of Rhodococcus sp. strain AD45 in the cosmid pLAFR3 was constructed. Approximately 6,000 independent clones were obtained when the library was transduced to E. coli
HB101. An analysis of 28 clones showed that 12 contained plasmids with inserts. The library was screened for the presence of DNA that hybridized with the ISO1 probe by colony blotting. Out of 1,200 insert-containing recombinants tested, three clones that contained plasmids, designated pHL1, pHL8, and pHL9, that hybridized with the ISO1 probe were identified. The clones did not utilize isoprene as a growth substrate. In extracts of cells grown on Luria-Bertani medium no activity towards 1,2-epoxy-2-methyl-3-butene could be detected, indicating that the glutathione S-transferase was not functionally expressed. The gene library was also screened for the presence of monooxygenase activity by the indole assay, but no active clones were identified, even when plates were incubated overnight with 0.1 mM isoprene in the gas phase for induction.
Nucleotide sequence analysis. Starting from the ISO1 sequence, an 8,456-bp fragment was sequenced from plasmids pHL8 and pHL9 (Fig. 1) . The overall GϩC content of the sequenced fragment was 58.9%, which is low compared to the high GϩC content typically found for rhodococci, 67 to 72% (14) . A sequence similarity search with the BLAST program in various protein and nucleotide databases helped to identify 10 open reading frames (ORFs) that all encoded (putative) proteins that showed similarity with entries in the databases ( Fig.  1 ; Table 1 ). All ORFs were encoded on the same strand and were preceded by plausible ribosome binding sites. One ORF (isoH) starts with a GTG codon, which frequently occurs in Rhodococcus mRNA translation (21) . A GϩC-rich region of almost perfect dyad symmetry (nucleotides 3685 to 3704), followed by an AϩT-rich region, is located downstream of isoJ (Fig. 1 ). This structure is characteristic of a rho-independent transcription terminator (29) .
The ORF that encodes the glutathione S-transferase with activity for epoxides was designated isoI. The 471-bp ISO1 sequence is identical to that of a fragment of the isoI gene, and the molecular mass of the isoI-encoded deduced protein (Table 1) is in close agreement with the experimentally determined value of 27 kDa (46). Downstream of the isoI gene an ORF designated isoJ was found ( Table 1) .
Upstream of isoI an ORF designated isoH was found, and it was concluded that this ORF encodes the dehydrogenase with activity for HGMB, since the deduced amino acid sequence of residues 2 to 23 is identical to the N-terminal sequence of the dehydrogenase purified from strain AD45 (46) . This indicates that in the mature protein the initiator methionine residue is cleaved off.
Upstream of isoH an ORF designated isoG was found. A few ATG codons were available as starting points of translation. The start codon that results in the deduced protein that aligns best with similar proteins and that is preceded by a plausible ribosome binding site is included in Table 1 .
A gene cluster of six closely spaced ORFs was found downstream of isoJ. The ORFs were designated isoABCDEF on the basis of the high sequence similarity with the tmoABCDEF gene cluster encoding the toluene 4-monooxygenase of Pseudomonas mendocina KR1 and the recently published aam-ABCDEF alkene monooxygenase gene cluster of Xanthobacter sp. strain Py2 (52) (53) (54) (55) . The first 7 bp of isoC overlapped with the 3Ј end of isoB, and the TGA stop codon of isoD overlapped with the presumed ATG start codon of isoE.
The flanking regions of the 8,456-bp fragment were further analyzed by single-strand sequencing. Upstream of isoG, sequencing a 912-bp fragment revealed the presence of an ORF similar to those encoding ␥-glutamylcysteine synthetases, proteins that catalyze the first step in glutathione biosynthesis. Sequence analysis of a 1,892-bp fragment downstream of iso-ABCDEF showed the presence of an ORF similar to those encoding aldehyde dehydrogenases and an ORF similar to those encoding glutathione synthetases. Glutathione synthetases couple glycine to ␥-glutamylcysteine yielding glutathione. Hence, on a 11,260-bp DNA fragment in strain AD45, the isoABCDEFGHIJ genes, a gene encoding a putative aldehyde dehydrogenase, and two genes required for glutathione biosynthesis are present.
Copy number of the isoI gene. In order to determine the copy number of isoI in Rhodococcus sp. strain AD45, total DNA was digested with BamHI, BstXI, EcoRI, SacI, SalI, or SmaI, separated on an agarose gel, and hybridized with the ISO1 probe. Only one band hybridized with all six restriction enzymes that were tested. For two of the enzymes tested, BstXI and SmaI, the sites flank the ISO1 sequence in the 8,456-bp genomic fragment. With these enzymes hybridizing fragments of 3 and 3.5 kb, respectively, were observed, which is in agreement with the sequence data (Fig. 1) . The largest hybridizing fragment, a 10-kb fragment, was observed when the DNA was digested with SacI. These data suggest that only one copy of the isoI gene is present in Rhodococcus sp. strain AD45, although the possibility that there are more copies of a large highly conserved DNA fragment (Ͼ10 kb) cannot be excluded.
Similarity of isoI and isoJ gene products with glutathione S-transferases. A sequence similarity search with the isoI and isoJ gene products showed that both proteins are similar to each other and to other glutathione S-transferases ( Table 1) . The presence of two (putative) glutathione S-transferase genes has also been observed in the 2,4,5-trichlorophenoxyacetic acid-degrading Burkholderia cepacia strain AC1100 (9) and in Sphingomonas paucimobilis strain SYK-6, which grows on lignin (23, 24) . Mutagenesis and complementation studies have shown that these genes are not essential for metabolism of 2,4,5-trichlorophenoxyacetic acid, and no physiological function could be assigned to these genes (9) .
Similarities of IsoJ to glutathione S-transferases in the databases were much higher than similarities of IsoI to glutathione S-transferases (Table 1) . Proteins IsoI and IsoJ both displayed the highest degree of sequence similarity to other glutathione S-transferases in a region located in the N-terminal domain. This domain is involved in glutathione binding (4, 10, 48) . Typically, glutathione S-transferases contain one or more tyrosine residues at the N terminus. These residues are also present in IsoI and IsoJ. In some glutathione S-transferases the N-terminal tyrosine decreases the pK a of the glutathione thiol and thus enhances its nucleophilicity (4). In class theta glutathione S-transferases, to which many bacterial enzymes belong, this role is performed by a serine that is located in the Nterminal part of the protein, whereas the tyrosine residues are not essential for catalysis (6, 49) . Mutagenesis studies may reveal whether serine residues also play a critical role in glutathione conjugation catalyzed by IsoI or IsoJ.
Two bacterial glutathione S-transferases, FosA (accession no. M85195) and FosB (accession no. Q03377), that convert epoxides have been described. The proteins are involved in bacterial resistance to the antibiotic fosfomycin (1,2-epoxypropylphosphonic acid); they catalyze the conjugation of glutathione to the secondary carbon atom in the epoxide ring (5) . Despite the analogy of the reaction catalyzed, IsoI has little sequence similarity to FosA and FosB, which is in agreement with the observation that IsoI does not require metal ions for activity (46) . Sequence similarity of IsoH with SDRs. A sequence similarity search with IsoH, which is the HGMB dehydrogenase, in various protein and DNA databases showed that this protein is similar to proteins of the short-chain dehydrogenase/reductase (SDR) family (20) including the XpIII and XpIV proteins of the epoxide carboxylase system of Xanthobacter sp. strain Py2 (2) . Multiple sequence alignments with representative and well-studied members (accession no. P25529, 226912, and P00334) of this protein family showed that IsoH contains most of the highly conserved and functionally or structurally important residues (20, 41) , which suggests that it has the same topology. The SDR protein family is a large group of enzymes that catalyze the oxidation or reduction of a broad range of substrates including primary alcohols, steroids, and sugars (20) . They use NAD(H) or NADP(H) as a coenzyme, do not require metal ions for activity, are approximately 250 residues in length, and are active as monomers, dimers, or tetramers. Several proteins of this family have been subjected to detailed biochemical and structural studies.
The N-terminal parts of SDR proteins typically contain the Rossman fold for cofactor binding. It is characterized by a GlyXXXGlyXGly motif. In IsoH the first two residues are present as Gly-12 and Gly-15, whereas an alanine residue is located at position 17. SDR proteins contain three highly conserved residues, Ser, Tyr, and Lys, that play a critical role in catalysis (20, 41) . These residues are also conserved in IsoH as Ser-132, Tyr-144, and Lys-147. The C-terminal domains of SDR proteins are involved in substrate binding. They are highly variable, which may reflect the adaptation to diverse substrates. Since IsoH catalyzes the oxidation of a glutathione conjugate, it may be expected that substrate binding involves specific interactions with the glutathione moiety of the substrate. Therefore, we looked for similarity with other glutathione binding enzymes, but no glutathione binding site could be identified.
Similarity of isoABCDEF gene products to monooxygenases. The putative isoABCDEF gene products all have a high degree of similarity with peptides of the four-component monooxygenases which are involved in the oxidation of alkenes and aromatic compounds (Table 1) . Moreover, the gene orders in the similar clusters are identical. For all gene products except IsoD the highest sequence identity was observed with the alkene monooxygenase of the propene utilizer Xanthobacter sp. strain Py2, whose sequence was recently published by Zhou et al. (55) . In fact, many of the features of the isoprene monooxygenase gene cluster and the deduced proteins are very similar to those described for the alkene monooxygenase of strain Py2. Lower similarity was observed with polypeptides of three-component monooxygenases, such as methane monooxygenases of Methylococcus capsulatus (Bath) (38) and the alkene monooxygenase of Rhodococcus rhodochrous (previously Nocardia corallina) B-276 (30) .
Detailed biochemical and biophysical analysis of toluene 4-monooxygenase of P. mendocina KR1 and alkene monooxygenase of Xanthobacter sp. strain Py2 (28, 37) has shown that these proteins consist of four dissociable components. This suggests the following model for isoprene monooxygenase of Rhodococcus sp. strain AD45. Oxidation of the substrate occurs at a di-iron (␣␤␥) 2 oxygenase component consisting of the proteins encoded by isoA, isoB, and isoE. Electrons needed for O 2 activation are provided by an NADH reductase, which is a di-iron disulfur flavoprotein encoded by the isoF gene. A Rieske-type ferredoxin, encoded by isoC, mediates electron transfer from the reductase to the oxygenase. The fourth component is a regulatory or effector protein, encoded by isoD, that may influence reaction rates or product distribution.
The isoprene monooxygenase of Rhodococcus sp. strain AD45 is induced in the presence of isoprene and catalyzes the oxidation of aliphatic and aromatic alkenes to the corresponding epoxides. Oxidation of indole by the isoprene monooxygenase in these cells resulted in the rapid formation of indigo. With several alkenes the enzyme produced predominantly one enantiomer of the corresponding epoxides such as (R)-1,2-epoxy-2-methyl-3-butene (enantiomeric excess ϭ 95%), (R)-styrene oxide (87%), and (R)-p-chlorostyrene (59%), indicating that the enzyme may be useful for the biocatalytic production of optically active epoxides. Cells of strain AD45 grown on nutrient broth did not oxidize indole, which suggests that the isoprene monooxygenase is responsible for indigo formation.
The E. coli HB101 clones containing plasmid pHL8 or pHL9, both of which carry the isoABCDEF gene cluster, were not active with isoprene or indole (see above). From this we concluded that the isoprene monooxygenase is not functionally expressed in E. coli. Similarly, the alkene monooxygenase gene cluster of Xanthobacter sp. strain Py2 is also not expressed in E. coli (54, 55) . When the plasmids pHL8 and pHL9 were transferred by triparental mating to Xanthobacter, Pseudomonas, or Burkholderia spp., the resulting transconjugants were not active with indole or isoprene, indicating that transcription or translation signals were also not recognized in these organisms. To further investigate the possibility of functional expression of the isoprene monooxygenase, the isoABCDEF gene cluster was cloned behind the araBAD promoter in the expression vector pBAD-TOPO. No active protein was produced, probably because one or several of the ribosome binding sites preceding the isoBCDEF, which significantly deviate from the E. coli consensus sequence, are poorly recognized in E. coli or because of improper protein folding. Complementation of mutants of strain AD45 defective in monooxygenase production may be necessary to obtain final proof that the isoABCDEF gene cluster encodes the isoprene monooxygenase.
Similarity searches with IsoG. Database searches with the isoG-encoded protein showed that it is similar to racemases, carnitine dehydratases (12) , and formyl-coenzyme A (CoA) transferases (Table 1 ). The functionally characterized protein to which IsoG is most similar is ␣-methylacyl-CoA racemase of Mus musculus. This enzyme catalyzes the racemization of an ␣-methyl group in ␣-methylacyl-CoA esters that thus become available for enzymes of the ␤-oxidation pathway, which may only accommodate one enantiomer (33, 34) . Furthermore, IsoG is similar to carnitine dehydratase of E. coli and the formyl-CoA transferase of Oxalobacter formigenes ( Table 1) . The latter enzyme is involved in the detoxification of oxalic acid, a toxic byproduct of the metabolism of virtually all life forms. It catalyzes the transfer of the CoA moiety from formylCoA to oxalic acid, which is subsequently decarboxylated (36) .
Overexpression and activity of IsoI and IsoJ. The genes isoI and isoJ were amplified from the cosmid clone pHL8 and placed under the control of a T7 promoter in the expression vector pGEFϩ (32) . Due to the introduction of the NcoI restriction site, the second residue, which is an isoleucine in both proteins, was replaced by a valine. The resulting plasmids were designated pGEFIsoI and pGEFIsoJ, respectively, and were introduced into E. coli BL21(DE3). IsoI and IsoJ were expressed in a soluble and active form at levels of 3 and 35% of the total soluble cellular protein content, respectively (Fig. 2) . Microscopic analysis and SDS-polyacrylamide gel electrophoresis (PAGE) analysis of whole-cell lysates showed that inclusion bodies were formed in E. coli BL21(DE3)(pGEFIsoI) even when cells were grown at 17°C and when no isopropyl-␤-D-thiogalactside was used to induce expression of the T7 RNA polymerase. The molecular masses of the recombinant proteins were estimated to be 27 and 26 kDa, respectively, as judged by SDS-PAGE (Fig. 2) . The extracts with recombinant IsoI and IsoJ were analyzed for activity with 1,2-epoxy-2-methyl-3-butene and with the typical glutathione S-transferase substrates CDNB and DCNB.
A glutathione-dependent activity with CDNB of 9.0 nmol min Ϫ1 mg Ϫ1 was detected at pH 7.0 with recombinant IsoJ. Using DCNB as a substrate, activities were 6.4 and 0.20 nmol min Ϫ1 mg Ϫ1 at pH 7.0 and 8.5, respectively. IsoI purified from Rhodococcus sp. strain AD45 (46) and recombinant IsoI were not active with CDNB and DCNB. Hence, it was concluded that IsoJ has low but significant activity towards CDNB and DCNB whereas IsoI is not active with these typical glutathione S-transferase substrates. Optimal activity was observed at pH 6 to 7 (46) , and a specific activity of 26 nmol min Ϫ1 mg Ϫ1 for CDNB at pH 7.0 was calculated assuming that recombinant IsoJ represented 35% of the total soluble protein (Fig. 2) .
Recombinant IsoJ was not active with 1,2-epoxy-2-methyl-3-butene at pH 7.0 or 8.5. The highest specific activity with recombinant IsoI was observed at pH 8.5, and a specific activity of 6 to 10 mol min Ϫ1 mg Ϫ1 at pH 8.5 was calculated assuming that recombinant IsoI represented 3 to 5% of the total soluble protein (Fig. 2) . The six-to sevenfold-lower specific activity of recombinant IsoI compared to the activity of IsoI that was purified from strain AD45 (46) may be caused by partial misfolding or the Ile-2-to-Val-2 substitution that was introduced in the cloning procedure.
Pathway of isoprene degradation and comparison with the pathway of propene degradation. The data presented in this study are consistent with a pathway for isoprene degradation that starts with the oxidation of the methyl-substituted double bond by a monooxygenase, which might be encoded by isoAB-CDEF (Fig. 3 ). This reaction yields 1,2-epoxy-2-methyl-3-butene, which is a substrate for IsoI. This enzyme catalyzes the glutathione-dependent opening of the epoxide ring, yielding the stable glutathione conjugate HGMB. Two consecutive oxidation steps by IsoH in which the hydroxyl is oxidized to a carboxylate then result in the formation of GMBA.
Propene metabolism in Xanthobacter sp. strain Py2 and R. rhodochrous strain B-276 also starts with oxidation by a monooxygenase yielding epoxypropane. Interestingly, the putative isoprene monooxygenase of Rhodococcus sp. strain AD45 is more similar to the alkene monooxygenase of Xanthobacter sp. strain Py2 than to the alkene monooxygenase of the phylogenetically more closely related propene utilizer R. rhodochrous B-276 (15, 30, 55) . The latter is a three-component rather than a four-component monooxygenase. It consists of an (␣␤) 2 oxygenase that is encoded by the amoA and amoC genes, a reductase that directly transfers electrons to the oxygenase that is encoded by amoD, and an effector protein that is encoded by amoB (15, 30) .
In both propene utilizers the conversion of epoxypropane proceeds with the carboxylation of epoxypropane via a threestep pathway involving four different proteins to yield acetoacetate (1, 2) . A detailed study of these proteins for Xanthobacter sp. strain Py2 revealed that an epoxyalkanecoenzyme M (CoM) transferase catalyzes the conjugation of CoM to epoxypropane to yield 2-hydroxypropyl-CoM. Hence, 2-hydroxyethers are the primary products of epoxide conversion in isoprene and propene metabolism. However, the enzymes catalyzing the formation of these compounds, XpI encoded by orf1 in strain Py2 (CAA56241) (1, 2, 40) and IsoI in strain AD45, are not closely related. Furthermore, the next step in both pathways is the dehydrogenation of the 2-hydroxyethers by SDR proteins to the corresponding oxocompounds. Enzymes belonging to the SDR protein family, IsoH in strain AD45 and XpIII and XpIV in strain Py2, catalyze these reactions. Propene metabolism continues with the conversion of 2-ketopropyl-CoM to acetoacetate by an NADPH:2-ketopropyl-CoM oxidoreductase/carboxylase, whereas in isoprene metabolism the aldehyde in 1-oxo-2-glutathionyl-2-methyl-3-butene is oxidized to a carboxylate to yield GMBA.
It remains to be established how in strain AD45 the conversion of GMBA proceeds. Removal of the glutathione moiety is a key step. We did not detect glutathionyl removal, carboxylation, or any other activity with GMBA added to crude extracts of isoprene-grown cells of strain AD45 even when NADH or NADPH was added (46) . Both in strains AD45 and Py2 (40) the genes encoding enzymes involved in epoxide conversion are clustered. The isoH gene, which encodes the HGMB dehydrogenase, is similar to the genes encoding XpIII and XpIV in Xanthobacter sp. strain Py2, whereas IsoI and the two gene products of the iso gene cluster, IsoG and IsoJ, for which no role in isoprene degradation has been established, do not have significant homology with genes of propene catabolism in strain Py2. This is in agreement with the fact that epoxide metabolism in strains AD45 and Py2 proceeds via different mechanisms. Interestingly, some glutathione S-transferases catalyze the elimination of glutathionyl groups in a reversed Michael reaction (7), but such a reaction may be unlikely with glutathione conjugates in isoprene metabolism since this would require the energetically unfavorable elimination of a proton from the unactivated methyl group. Furthermore, we did not observe conversion of GMBA with extracts of E. coli BL21(DE3)(pGEFIsoJ) (unpublished data), although active IsoJ enzyme was produced, as concluded from activity measurements with CDNB or DCNB as the substrate. Reductive removal with a second glutathione molecule, thus generating glutathione disulfide, seems more feasible, but with overproduced IsoJ or with extracts of isoprene-grown cells of strain AD45 no glutathionyl removal from GMBA in the presence of 5 mM glutathione was detected.
An alternative possibility is that IsoJ catalyzes the reductive glutathione removal from a downstream metabolite. This may be the CoA-thioester of GMBA, which could be formed by an unidentified ATP-dependent CoA ligase (Fig. 3) . Such a pathway seems feasible since a reductive elimination of glutathione is greatly facilitated when the carboxyl group is replaced by a more-electron-withdrawing CoA-thioester. As described above, IsoG is similar to racemases that catalyze the racemization of an ␣-methyl group in methylacyl-CoA thioester. Hence, both diastereomers of the GMBA-CoA thioester would become available for further metabolism, which for ␣-methylacyl-CoA esters mainly occurs through the 2S-diastereomer (34) . This supports the hypothesis that a CoA-thioester is an intermediate in the isoprene degradation pathway where IsoG could have a function in racemization. These reactions would result in the formation of 2-methyl-3-butenyl-CoA, which after reduction of the double bond could be further degraded via ␤-oxidation as in the isoleucine degradation pathway (25) .
